Low Aspect Ratio (LAR, aspect ratio < 2) wings exhibit highly nonlinear lift curves. Controlling such LAR Mini Aerial Vehicles (MAVs) at high Angle of Attacks (AOA) and in cross-wind conditions is difficult due to the nonlinear lift. Also, maneuvering these MAVs at high AOA is highly constrained by elevator throw. However, high AOA is a requisite for MAVs to enable slow flight in constrained spaces. Conventional aircraft use devices called vortex generators (or turbulators) that delay the separation of boundary layer by artificially inducing vortices. A similar phenomenon is observed in golf balls, where the surface dimples mimic the above effect. It is also observed that the local vortices aid in additional lift generation. This paper presents a Computational Fluid Dynamics (CFD) study on the effect of dimples over the aerodynamic performance of a LAR flying wing with aspect ratio 1.45 & SELIG4083 cross section. A Modified Inverse Zimmerman planform wing has been considered similar to the MAV (Black Kite) developed by the National Aerospace Laboratories Bangalore (NAL). The 3D model was generated in SolidWorks TM and CFD analysis was performed in SolidWorksTM Flow Simulation. The baseline smooth surface wing was validated with the aerodynamic data of SELIG4083 airfoil from literature. Following it, several dimpled wing configurations on the leading edge were created and analyzed. It was observed that dimples create local vortices that aid in lift generation, increasing the effective flight envelope. The associated drag due to local vortices should be overcome by generating additional thrust at high AOA. Aspect Ratio Flying wing to Improve Lift Performance International Journal of Micro Air Vehicles L / D Figure 20. L/D Vs α Comparison Plot
INTRODUCTION
Damage, alteration or modification of an aircraft's surface is disastrous to flight performance. However, such geometrical deformations can be used beneficially. This paper attempts to evaluate the effects of such artificial modifications on the surface of a Low Aspect Ratio (LAR) wing Mini Aerial Vehicle (MAV) and analyze the impact on its aerodynamic performance. The aerodynamics of MAV deserves special mention as it is governed by Low Reynolds number flow regime, due to low flight speed and small size [1, 2] . Also, the small size and low weight of MAV makes it susceptible to instability due to sudden gust, wingtip vortices, etc.,. Hence, LAR wing MAVs have highly non-linear lift curves. Due to the presence of nonlinear lift in the high angle of attack region, LAR wings do not stall sharply. Moreover their maneuvering capabilities are highly constrained by elevator throw resulting in stability and control issues. From the fundamental theories of aerodynamics, one can understand that a finite wing of given aspect ratio generates lift by counter rotating vortices near the wingtips. These vortices strengthen as the angle of attack increases. For a LAR wing, the tip vortices may be present over most of the wing area. LAR wings have two sources of lift: linear and nonlinear [1] . The linear lift is created by circulation around the airfoil. The nonlinear lift is created by the formation of low pressure cells on the wing's top surface by the tip vortices. This nonlinear effect increases the lift curve slope as the angle of attack increases and it is considered responsible for the high value of stall angle of attack. The research curiosity gains momentum due to the fact that the lift remains constant or keeps increasing even up to 40º of angle of attack, can be utilized in flying MAVs in the high angle of attack region. Flying the aircraft at high angle of attack gives the capability to engage in extreme maneuverability and also for a steady slow flight. Apart from this, MAVs are dominated by low Reynolds number flow.
An important phenomenon associated with the low Reynolds number flow is the Laminar Separation Bubble (LSB). The LSB typically occurs near the onset of an adverse pressure gradient on airfoils operating at low Reynolds numbers. Study on the problem by various investigators [3, 4] have shown that the laminar separation bubble follows a typical sequence of events: the separation of a laminar boundary layer due to deceleration in the adverse pressure gradient region; the growth of a laminar separated shear layer and inviscid instabilities associated with the shear layer; transition from laminar to turbulent flow; increased mixing, entrainment of higher speed fluid and the corresponding growth of a turbulent separated shear layer; and finally reattachment of the turbulent shear layer and the development of a turbulent boundary layer. Such bubbles are typically observed close to the leading edges of thin airfoils, on gas turbine blades and on low Reynolds number MAV wings [3, 4] . LSB could modify the effective shape of the airfoil and consequently influence the aerodynamic performance, generally in a negative manner. These results have also shown that increase in the size or extent of the separation region correlate with increase in drag for a particular airfoil AOA. Similarly, a dimpled golf ball generates more lift than its smooth counterpart. References [5 & 6] bring out study on the aerodynamics of dimpled golf ball. Similarly references [7, 8 and 9] bring out the effects of vortices and flow control by the use of dimples. This paper presents dimpling of the leading edge surface to create such localized turbulence effects in order to enhance the lift performance of the flying wing. For this purpose, a Modified Inverse Zimmerman (MIZ) planform [10] SELIG4083 airfoil section [11] LAR flying wing whose maximum angle of attack is 24º.
WING GEOMETRY MODELING
A 3-D CAD model of a LAR wing was modeled in SolidWorks TM . The dimensions of the model were used from the dimensions of NAL's Black Kite MAV available from literature [10] . A SELIG4083 [11] airfoil section was chosen and the 3D model was developed accordingly. The airfoil has a maximum thickness of 8% at 22.5% chord and a maximum camber of 3.4% at 33.5% chord. The airfoil profile is shown in Figure 1 and the planform in Figure 2 . The geometry of the flying wing is shown in Table 1 and the modeled 3D wing is shown in Figure 3 .
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A CFD Study on Leading Edge Wing Surface Modification of a Low Aspect Ratio Flying wing to Improve Lift Performance International Journal of Micro Air Vehicles This model was used for the CFD analysis and the preprocessing functions such as fluid flow parameters, initial conditions, boundary conditions, mesh setup were performed. The CFD analysis was performed for AOA ranging from -4º to 24º with a step size of 4º. The results were analyzed in the postprocessing stage and validated with CSIR-NAL wind tunnel data and Fluent TM CFD data available from literature [10] . Thus it is established that the CAD geometry model, flow conditions, CFD solver, and the results obtained are reliable and hence they are benchmarked.
CFD ANALYSIS OF SMOOTH AIRFOIL WING
SolidWorks Flow simulation package, a built-in CFD tool developed by COSMOS FloWorks, is utilized for performing the CFD analysis. This integrated flow simulation package gives the advantage of accurate geometry import from SolidWorks modeler along with the different AOA configurations. Flow setup for each configuration could be established with a single model, which eliminated the problem of loading each flow setp separately.
COMPUTATIONAL DOMAIN
Owing to larger number of simulation runs required, a smaller optimum computational domain volume was considered that satisfied the turbulence establishment and trailing vortex flow. The dimensions were 1L (L is the MAV's streamwise length) before the leading edge, 3L after the trailing edge, 1.5L on the top, bottom and sides of the MAV.
Mesh setup
SolidWorks Flow simulation offers two types of meshing options: Automatic and manual mesh size setups. In automatic meshing mode, a scale from 1 to 8 is provided, with 3 being the minimum recommended. SolidWorks uses different meshing algorithms for each scale [14] . In order to obtain a good mesh with suitable curvature and mesh refinement settings, an automatic mesh setting is preferred over manual mesh. To determine the optimum mesh size, grid independence study was conducted for the model at 24°AOA using mesh sizes from 3 to 8 for Coefficient of Lift(C L ) and it was found that mesh size setting of 5 to be optimum. Hence, for all the analysis automatic mesh size of 5 has been utilized. Table 2 provides the details about the mesh setup parameters used in the simulation. Figure 4 shows the surface mesh generation followed by figure 5 , showing the grid independence study results. Table 3 depitcs the boundary conditions used in the CFD simulation. 
Turbulence Model
k-∈ turbulence model has been employed in the CFD analysis. In the frame of the k-∈ turbulence model, the turbulent eddy viscosity coefficient µ t is defined using two basic turbulence namely, the turbulent kinetic energy k and the turbulent dissipation ∈, The CFD results were validated by comparing them with the NAL FLUENT TM Simulation results [10] and reference [12, 13] for the Selig 4083 airfoil and benchmarked. Table 4 shows the results of the CFD analysis for various AOA. Figure 9 shows, the isoplots of Pressure and vorticity at 24º. It is seen that at high AOA, the high pressure region above the airfoil is only about 1/3rd of the airfoil length from the leading edge. Beyond this region, the flow is separated as represented by the Low pressure region, that is, no more Lift is generated at this region. The pressure variation from high pressure to low pressure signifies the presence of LSB. Also in the vorticity isoplot, strong vortices are seen only at the leading edge (due to stagnation pressure), wingtips and trailing edges. The trailing edge vortex is an important phenomenon of lift generation by circulation effect, whereas the vortex about the wing tip deteriorates aerodynamic performance since it contributes heavily to induced drag. However, the current work concentrates only on surface vortices through which lift could be enhanced. As mentioned above, the region where the pressure transitions from high to low has been identified as the location wherein dimples could be located.
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A Several studies in the literatures show that the lift performance could be enhanced by creating turbulence. Reference [13] brings out the effects of turbulence scale. The results presented in [13] motivate the current research interest. If the turbulence could be generated to enhance the lift performance on a need based situation when there is a limited elevator throw, the flying wing would be able to achieve more lift near the stall region. Figure 10 reproduces the results from reference [13] in order to understand the implications of turbulence on lift performance. Further section explains the CFD analysis on an airfoil with dimpled leading edge and the results are discussed.
CFD ANALYSIS OF DIMPLED AIRFOIL WING
The dimple parameters required for modeling are indentation shape, indent diameter, depth of indentation, number of dimple rows, distance between the rows and the total number of dimples. As established data is not available for the dimple parameters, they are assumed based on golf ball dimple aerodynamic studies [5] . For a golf ball, it is seen that hexagonal indents with a depth of 0.25mm, spread across the surface closely, generates strong local vortices. Thus for the MAV, which has a span of 300 mm, dimple depth approximation is taken to be 0.5mm using a spherical indent. A uniform dimple distribution is adopted with 10 rows with a radial distance of 8mm between each row. The dimples are positioned along the curvature of the leading edge in order to effectively utilize the flow pattern. The dimple parameters for the model are listed in Table 6 and the model is shown in Figure 11 . The details of mesh setup using the automatic mesh is given in 
Basic Mesh Dimensions (Dimpled) Number Of Cells (Dimpled)

Number of cells in X -108 Number of cells in Y -69 Number of cells in Z -86
Total cells 645247 Fluid cells 640102 Solid cells 843 Partial cells 4302 Irregular cells 0 Trimmed cells 0 Figure 11 . Dimpled Airfoil Model
CFD ANALYSIS
The CFD analysis has been performed for the dimple surface MAV model for AOA from -4º to 24º with step size of 4º. Two global goals for determining the Lift and Drag forces and two equation goals for C L and C D are created. The dimples modeled increase the effective surface area of the MAV. The Curved surface area of one dimple is evaluated to be 8 mm 2 amounting to a total curved surface area of 2.72 x 10 -3 m 2 for 340 dimples. This surface area is added to the original surface area of the MAV (i.e, 61.3401 x 10 -3 m 2 ) for computing the equation goals.
CFD RESULT ANALYSIS
The values of Lift, Drag force coefficients -C L , C D -are extracted from the CFD analysis. The C L , C D and L/D values are listed in Table 6 . The C L Vs α, C D Vs α, L/D plots comparisons of Smooth surface MAV as shown in table 3 and the dimpled surface MAV are shown in Figure 12 . From the figures, it is seen that the dimple surface MAV increases the aerodynamic performance considerably as noted in the C L plot. However, when analyzing the C D and L/D plots it is seen that at low AOA, drag effects play a substantial role in reducing L/D performance ratio. In high AOA, the increase in C L cancels out the increased drag, thus maintaining an almost constant L/D. It is suggested that at high AOA, the drag effects can be reduced by provision of additional thrust. Also, a retractable cover may be provided over the dimples so as to open the dimples only when need arises in the high AOA region. Figures 13 and 14 show the variation of pressure over the MAV surface. It is seen that the dimples distribute the pressure distribution towards the trailing edge, thereby creating a wider low pressure region about the dimple rows. However, it is also noticed that the pressure distribution is effective only until the 5th dimple row, beyond which the pressure drops. On analyzing Figures 15 and 16 , the above said interpretation is validated, ie., only five rows of dimples effectively contribute to the formation of local vortices, whereas the remaining rows are not utilized effectively. The reason for this phenomenon is due to the strength of the vortices and their subsequent interactions between them. It is noted that the strongest local vortices are formed at the leading edge weakening when moved inwards and stronger on the wingtips than in the propeller mount region. The vortices closer to wingtips are strengthened by wingtip vortices, whereas the vortices at the propeller mount location are weaker, thus reduced energy transfer to the vortices. The presence of a negative gradient of vortex strength from leading edge to wingtip causes a local rotational flow from wingtip to leading edge. This effect can be observed from figure 15 . Hence, it is suggested to remove dimples about the center of the MAV surface behind the leading edge, to reduce skin friction drag. However, propeller wash effects and their interaction with the vortices must be taken into account for such a case. Figure 16 shows the strength of local vortices about the central plane of the MAV. It is seen that the strongest vortex is at the leading edge causing the local fluid flow to rotate about the dimple center, thus forcing back the turbulent boundary layer back to the MAV surface. A closeup view of the leading edge vortices is shown in figure 17 presented below in order to strengthen the arguments discussed above. 
STUDY ON DIMPLE DEPTH
This section presents the consideration of a family of dimple depth is generated and CFD analysis is performed at 24º AOA. The results are tabulated, analyzed for understanding the effect of dimple depth on the lift performance. Table 7 shows the dimples considered for the study and Figure 18 to 20 show the variations of the coefficient of lift, coefficient of drag and the L/D ratio for various dimple sizes. The lift performance is noticed to take a higher value for a dimple size of 0.25 mm. Dimples of different sizes has not been considered for analysis in the current works. Figure 18 . C L Vs α Comparison Plot C D Figure 19 . C D Vs α Comparison Plot
RESULTS AND DISCUSSION
It is seen that the strength of vortices and pressure distribution over the airfoil surface increases with increase in depth. The vortex interaction is strong for deeper dimples that are closely packed (as radial distance between rows is constant). However, it is also noticed that the distribution of vortex field is almost constant for all the dimple depths considered. This is due to the fact that the dimple rows are farther apart and the strength of vortices is lost as they move from the wingtip to leading edge. It is also observed that the region behind the propeller location is the least influenced by vortices even for increased dimple depth. This is because at this region, the surface profile is almost flat leaving less space for vortex interaction between the dimples. Also, only the first five dimple rows are effective in vortex generation, while the remaining rows' contribution is less. Thus it is proposed to reduce the dimple rows so as to reduce the effect of skin friction drag of the non-active dimples. Further, the maximum lift is generated by shallow dimples positioned far apart. However, its associated drag effects are also noticed to be high leading to a reduced L/D performance. This is due to weak vortex interaction and the subsequent induced drag. It is also noticed that deeper dimples packed closely (depth = 1mm), result in a net increased L/D performance ratio. This is attributed to the strong vortex interaction. Thus deeper dimples packed closely to each other increases the aerodynamic performance of the MAV at high AOA.
